Ceramic femoral heads were developed to reduce the wear of conventional ultrahigh-molecularweight polyethylene (UHMWPE) bearing surfaces in THA. We compared the wear rates of PE acetabular components bearing against femoral heads of zirconia (Zr) or cobaltchromium (CoCr) in young patients. One surgeon inserted CoCr femoral heads in all 33 patients (33 hips) having THA for primary osteoarthritis from 1996 to 1997 and then Zr femoral heads in all 34 patients (36 hips) from 1998 to 1999. The mean age of the entire cohort was 52.5 years (range, 29-64 years). The shells were solid and hydroxyapatite (HA) -coated, liners were argon-sterilized UHMWPE, and head size was 28 mm. The minimum clinical followup was 56 months (mean, 65 months; range, 56-77 months); minimum 5-year radiographs were available for 62 of the 68 patients. Wear analysis of digitized anteroposterior (AP) radiographs was performed with a computerized method. Demographic data were comparable in the two groups.
Introduction
PE wear leading to osteolysis and aseptic loosening is considered by some to be the major factor limiting the longevity of THAs [4, 9, 31, 32] . Many attempts have been made to improve the success of THA, including enhancement of design, surface coating, cements, and articulating bearings.
Zr femoral heads were introduced in 1985 to solve the problems of alumina head fracture and lessen the concern of PE wear debris. Several laboratory studies suggest an advantage of ceramic over metal heads [6, 10, 24, 29] , predicting 22% to 77% reduction of PE wear with Zr femoral heads dependent on the head size [12] . One survey of 19 articles [28] suggests clinical wear studies have not shown a similar advantageous wear profile for Zr heads, but rather are contradictory and report wide variations in magnitude of wear (eg, from less than 0.1 mm/year to greater than 0.5 mm/year). Hernigou and Bahrami [17] and von Schewelov et al. [35] showed a higher wear rate of PE with Zr than with metal heads. However, Kim [20] reported wear rates in favor of Zr heads. Also, the studies report varying head sizes, types of PE, and methods used to measure PE wear, which make comparisons difficult (Table 1) .
Based on laboratory predictions, we hypothesized midterm (minimum 5 years) wear of the PE in the patient group with CoCr femoral heads would increase compared with Zr femoral heads when head size was kept constant.
Materials and Methods
We retrospectively compared the wear in all 67 patients (69 hips) younger than 65 years having THA for primary or secondary osteoarthritis from 1996 to 1999. From 1996 to 1997, CoCr femoral heads were used in all 33 patients (33 hips) , and from 1998 to 1999, Zr femoral heads were used in all 34 patients (36 hips). Early (mean, 3.7 years) true wear rates (eliminating creep) greater than 0.1 mm/ year are strongly associated with later osteolysis [15] . A preliminary power analysis based on long-term (12 years) PE wear data of a similar study (mean, 0.134 mm/year; standard deviation [SD], 0.14 mm/year) [17] and targeting a mean difference in PE wear rate of 0.1 mm/year suggested 31 patients per group with a power of 80% (alpha = 0.05). The minimum clinical followup was 56 months (mean, 65 months; range, 56-77 months). Fiveyear radiographs were missing for six of the 67 patients (9%) and we used the latest radiographs (24-37 months) to measure wear in these cases. We observed no differences between the two groups with respect to age, gender, weight, hip side, cup size, followup duration, distribution of PE liner thicknesses, or Harris hip score (HHS) ( Table 2) .
The THA was a so-called hybrid with a cemented femoral component and an uncemented acetabular component. All operations were performed by one orthopaedic consultant (KAN) using the posterolateral approach. We attempted to restore leg length and lateral offset. The acetabular components were all uncemented, titanium (Ti) plasma-sprayed, and HA-coated and of the same design (Mallory-Head, Solid Finned Ringloc 1 metal shells; Biomet Inc, Warsaw, IN). They were inserted using the same technique (approximately 2-mm press-fit by coating thickness, line-to-line reaming). In all cases, the PE liners were a compression-molded, UHMWPE resin, consolidated, packed, and sterilized by gamma irradiation in argon gas in the range of 2.5 to 4 Mrad (ArCom 1 ; Biomet Inc). All femoral components were of the same design (Exeter 1 ; Stryker, Kalamazoo, MI) and inserted using the same technique, including distal plugging, pulsatile lavage of the medullary canal, and pressurized injection of vacuum- Postoperatively, we mobilized patients on the day after surgery with weightbearing as tolerated. Walking was assisted by crutches for as long as needed (typically 6 weeks; maximum, 12 weeks) and full weightbearing was allowed. During their hospital stay (4-6 days), patients received daily supervised physiotherapy focused on daily activities of living (ie, dressing, bathing, and getting in and out of bed).
One of us (KAN) determined the HHS before surgery and 3 months after surgery. After the final followup of all patients, we checked the patient records and the Danish Hip Arthroplasty Registry, a nationwide clinical database on primary THAs, revisions, and postoperative complications in patients in Denmark since the beginning of 1995, for cases of revision and/or complications. No patients were lost to clinical followup at 5 years.
We routinely evaluated each patient radiographically at six approximate times: immediately postoperative, 3 months, 6 months, 1 year, 2 years, and 5 years. At each radiographic evaluation, the patient had a nonweightbearing AP and crosstable lateral radiograph of the hip. We used four radiographs per patient to determine the total amount of wear in intervals. We selected the 3-month postoperative radiographs as baseline (Time 0), as these images were of better quality than the immediately postoperative images. In addition, we analyzed the 1-year, 2-year, and 5-year followup radiographs. The radiographs also were evaluated for aseptic loosening (progressive radiolucent lines along the implant edges) and osteolysis (periprosthetic bone resorption with radiographic evidence of progressive bone loss not present on the initial radiographs) [36] . The location of osteolytic lesions was described according to the three zones defined by DeLee and Charnley [11] , and its area was measured digitally and expressed in mm 2 .
We performed radiographic measurements of twodimensional femoral head penetration into the PE with a computerized method (PolyWare 5.10 Digital version; Draftware Developers Inc, Vevay, IN) validated for clinical measurement [14, 18] of PE wear in metal-backed acetabular components [13] . The method uses a digital detection algorithm to fit circles to the peripheries of the femoral head and acetabular cup and relies on computerassisted technology to place a three-dimensional solid model of the acetabular component and femoral head on the basis of back-projection (shadow-casting) of the radiographs and computer-assisted design knowledge of the implant (Fig. 1 ) [8] . Linear wear was measured in the plane of the AP radiograph by the software with an accuracy of approximately 0.15 mm [13] . Based on previously published practice [8, 23] and our experience with the problems of poor-quality lateral radiographs, we decided to include only the AP radiographs in the analysis. Therefore, the results reported in this study are two-dimensional linear head penetration rates. Radiographs were digitized to 300 dpi at 100% scale in a high-resolution optical scanner (Mustek P3600 A3 Pro; Mustek, Irvine, CA). The 5-year radiographs were missing for two patients with CoCr heads and four with Zr heads, but they were included in the analysis to the available 2-year followup. Five patients with CoCr heads and one patient with a Zr head had their 5-year radiographs some months before the exact date for 5-year followup owing to work abroad or surgery/radiographic control of the contralateral hip; these were considered to be 5-year radiographic followups. One patient by error had a 30-mm Zr head inserted at surgery but underwent immediate reoperation with a head (28-mm) and liner exchange, as it was evident on the postoperative radiograph that the ) with Zr femoral heads. The quality of the digitized AP radiographs generally was good and the automatic circle fitting only rarely had to be overruled by the manual digitizer tablet. In the few radiographs (one CoCr, seven Zr) in which manual overrule was necessary, five evenly spaced points were systematically placed along the implant borders in the radiograph. PE wear analysis was performed in four intervals between the five followups (3 months, 6 months, 1 year, 2 years, and 5 years) by one experienced observer (CS) (Fig. 2) . The observer (CS) was blinded to the groups. Quantitative assessment of femoral head penetration was performed twice on 15 random patients by the observer (CS) 1 month apart, and the mean absolute difference between the first and second analyses was 0.04 mm (SD, 0.43 mm; range, 0-0.22 mm). Followup from the day of surgery to the final radiographic followup was rounded to whole months by ± 15 days in calculation of the annual wear rate. According to a Shapiro-Wilk test [2] , the mean annual femoral head penetration rates were normally distributed when converted to log scale. Similarity or difference in variances of the log scale penetration rates for the two groups was tested by an F test. The log mean values of the two groups were compared by a two-sample t test with equal variances (wear rates). With the linear wear data, normality could not be achieved by transforming the data (log scale and cubic transformation) and thus they were tested by a nonparametric test (Mann-Whitney U test). Linear wear (mm) of the longest followup per patient (minimum, 2 years; maximum, 6.4 years) and wear rates (mm/year) are presented on a normal scale for interpretational reasons. Continuous demographic input variables between the groups were compared by a two-sample t test with equal variances, and categorical variables were tested by a chi square test, although cells with observations of five or less were tested by Fisher's exact test. Differences in improved HHS (preoperative versus 3 months postoperative) between the groups were tested nonparametrically (Mann-Whitney U test). The Intercooled Stata 1 10.0 (StataCorp LP, College Station, TX) package was used for statistical computations.
Results
There was no difference (p = 0.73) between the mean annual femoral head penetration rate for the CoCr group (n = 33; 0.25 mm/year; SD, 0.16 mm/year; range, 0.05- Fig. 1A-B The computerized measurement of wear with Poly-Ware 5.10 is shown. (A) Circles are fit to the peripheries of the femoral head and the acetabulum, (B) a three-dimensional solid model is created, and the vector distances between the cup and the head centers on followup radiographs are calculated. 0.81 mm/year) and the Zr group (n = 36; 0.23 mm/year; SD, 0.12 mm/year; range, 0.07-0.66 mm/year). Reflected by variance, the distribution of wear was similar (p = 0.46) between the groups. Fifty-eight percent of the Zr heads had a wear rate greater than 0.2 mm/year compared with 51% of the CoCr heads. Mean linear wear at 5 years was similar (p = 0.80) in the Zr group (1.11 mm; SD, 0.53 mm; range, 0.15-2.05 mm) compared with the CoCr group (1.22 mm; SD, 0.74 mm; range, 0.28-3.78 mm) (Fig. 2) .
There was no difference (p = 0.25) between the two groups in the improvement of HHS comparing the score obtained before surgery with the 3-month postoperative score.
Complications in the CoCr group consisted of two femur fractures at 7 months and 3 years postsurgery, but no component revisions were performed and the patients were included for wear measurements after the fractures because they returned to their habitual functional level after recovery. Two patients had one episode of early posterior hip dislocation and were treated with closed reduction. There were no postoperative infections in either group. There were no revisions in any of the patients within the 5-year followup period. Radiographic evaluation of all lastexamination AP radiographs revealed no sign of aseptic loosening (progressive radiolucent lines) of any acetabular or femoral components. Only one patient in the CoCr group had an evident DeLee and Charnley Type 3 acetabular osteolysis of 22.4 mm 2 seen on the conventional radiographs at the 5-year followup.
Discussion
Zr has good biocompatibility, and mechanical and sliding characteristics [5, 24, 29] . Despite this, several clinical studies have reported a higher annual wear rate of Zr-on-UHMWPE than expected based on laboratory studies [17, 23, 35] . Clinical publications with components similar to those addressed in our study are few and have conflicting results (Table 1) , and only one author [20] reported a superior clinical wear performance with Zr over metal heads. We therefore hypothesized there would be increased midterm wear in the patient group with CoCr femoral heads compared with Zr femoral heads when head size was kept constant.
There are several limitations to our study. Although no patients were lost to followup, missing radiographs deprived us of the option of midterm (ie, minimum of 60 months) wear analysis for six patients (followup, 24-37 months). This potentially could have introduced selection bias. However, none of these patients had revision surgery, and according to their 5-year clinical followup, they had returned to work shortly after surgery and still were working and doing well. Therefore, we do not believe the lack of a minimum 5-year image with this relatively small number of patients would substantially influence our conclusions. The patients were not randomized, but the potentially confounding variables we assessed were similar ( Table 2) . Even when controlled for other factors, PE wear is greater in males than in females [32] . Thus, the smaller proportion of females in both groups might have biased the wear rates accordingly. The activity level of this young patient group could not be controlled for and may have had a substantial influence on the overall measured femoral head penetration. The computerized wear measurement techniques available for plain radiographs [8] of AP hips have limited accuracy with low-wear detections in the clinical setting and variation in the cup position and crosstable lateral images [8, 16] . However, computerized techniques are considerably more accurate and reproducible than manual methods, and the method used in this study has been validated for studies of longer-term followup and/or high wear [18] . We used only AP images, and despite the fact that the radiographs were digitized hard copies, the quality was good. The density of Zr is less than that of CoCr, which potentially could cause difficulties in outlining the femoral head contour, but automatic detection of the femoral head was successful in 98% of the images.
HA has long been suspected to induce third-body PE wear resulting from particles delaminated into the joint space [3] . We report a higher midterm wear rate compared with other studies of Zr and CoCr with similar types of PE and head size ( Table 1) and suggest the HA coating on the acetabular components could have influenced the PE wear. In support of this explanation, a recent study [20] with HAcoated implants showed 25% higher wear rates with Zr heads on UHMWPE (0.08 mm/year) compared with a similar study without HA-coated implants (0.06 mm/year) [23] . In the absence of HA particles, the PE wear rate in our patients might have been substantially lower in one, or both, groups. Thus, HA contamination could have overwhelmed an actual difference in PE wear rate of the groups. Another explanation for the high wear rates in our patients is the expected high-activity lifestyle of young patients [30] . Vigorous use of a THA may increase the risk of frictional heating and mechanical stress in the articulation [24] and lead to increased wear. For the Zr-on-PE bearing, this mechanism is well established as a partial tetragonal to monoclinic phase transformation resulting from in vivo physiologic mechanical and hydrothermal stresses [19, 21] , which increase Zr surface roughening and grain pullout and provide the potential for accelerated PE wear. This theory explains why Zr-on-PE in our study and other studies [7, 17, 23] has a similar wear performance as CoCr-on-PE at midterm followup. Also, the continuous deterioration of Zr in vivo [21] explains the report of progressive wear with Zron-PE bearing couples from midterm to a minimum of 10 years' followup as described by Hernigou and Bahrami [17] , and reduced survival of Zr-on-PE bearing couples (63%) at midterm (5.8 years') followup compared with an historical control group of identical implants with a 93% 9year survival described by Allain et al. [1] . In comparison, we had no revisions at midterm.
Kim [20] reported the results of a prospective randomized study of 28-mm CoCr and Zr femoral heads on conventional PE. This is the only study to confirm a midterm wear analysis favoring Zr-on-PE (0.08 mm/year) versus CoCr-on-PE (0.17 mm/year) [20] . The method used to assess wear by Kim [20] was AutoCAD, whereas we used a validated software package (PolyWare) designed for measurements of head penetration of implants. Previous studies concerning Zr and CoCr have used numerous wear analysis techniques including a modified version of PolyWare [17] , AutoCAD [22] , Hip Analysis Suite [26] , the manual technique of Livermore et al. [25] , and roentgen stereophotogrammetric analysis [34] . Several factors may complicate direct comparison of wear results obtained by different wear analysis techniques, as each has specific limitations. These limitations have been described [16, 18, 34] . Wear estimates also may be dependent on numerous factors not attributed to the components or methods used to investigate similar topic studies, including the radiograph selected for baseline analysis (inclusion or exclusion of the creep period) [33] , mobilization of the patient before the baseline radiograph, and possibly the number of radiographs analyzed.
Zr femoral heads were withdrawn from the commercial market in 2001 owing to incidents of head fracture after a change in the manufacturing procedure. We did not experience Zr head fractures at midterm followup, but reported cases of catastrophic results after revision of fractured ceramic heads [19, 27] encourage continued sharing of knowledge regarding Zr-on-PE bearing couples.
The published midterm wear results for Zr are contradictory, but our data do not suggest any advantage of Zr compared with CoCr heads. More evaluation of the longterm wear performance and potential side effects of Zr femoral heads is needed. The patients in this study will be followed continuously to identify possible differences in PE wear and complications at long-term followup.
